We studied the levels of genetic diversity of Swietenia macrophylla (big leaf mahogany) in five successional plots in the Santa Rosa National Park, Guanacaste, Costa Rica. We selected sites with different lengths of time since the last major disturbance (typically fire): 6, 9, 15 and 20 years. In addition, we also included a patch of mature forest that had experienced selective logging and other human activity in the past 100 years. Genetic diversity was assessed using five polymorphic DNA microsatellite loci. We found a total of 21 alleles in the five loci examined, in which the number of alleles present varied among the five sites studied. Allelic diversity varied between sites ranging from 20 to 14 alleles, and our data revealed that earlier successional sites have more alleles than older sites. There was significant heterogeneity in allele frequencies between sites; however, genetic differentiation between populations was low ( F ST = 0.063) indicating that most of the variation was found within sites and extensive gene flow between sites. In addition, our analysis also showed that genetic diversity of adult trees does not solely determine the diversity of seedlings and saplings found around them, also supporting the existence of extensive gene flow. The impact of these findings for the design of conservation strategies for tropical dry forests trees is discussed.
Introduction
Tropical dry forests are considered the most threatened of the major tropical forest types ( Janzen 1988) . In Central America, only ≈ 1% of the original area covered with dry forest remains as such ( Janzen 1988; Sader & Joyce 1988; Maas 1995; Sanchez-Azofeifa 1996; Kramer 1997) . In Costa Rica, most tropical dry forests were replaced with grasslands for cattle raising between 1940 and 1975 (León et al . 1982 . Typically, pastures were established using Hyparremia rufa ( Jaragua grass), a grass introduced from Africa. This fire-tolerant grass allowed cattle ranchers to maintain their pastures by burning the fields during the long dry season. However, more recently, extensive areas of pasture have been abandoned because of the low price of beef on the international market. These pastures are likely to experience accelerated successional change following abandonment, but accidental and provoked burning of grassland during the dry season is a major threat to the restoration of tropical dry forests ( Janzen 1988) .
Fire is frequently cited as the most important factor controlling the dynamics of succession in tropical dry forests ( Janzen 1988) . Typically, fires start by the combustion of highly flammable fire-tolerant Jaragua grass and extend into forested areas ( Janzen 1986 ). The main consequences of these seasonal fires are: (i) the destruction of existing forest patches, (ii) modification of the edaphic and aerial microclimate necessary for site recovery, and (iii) suppression of regeneration due to fire-induced mortality of Correspondence: O. J. Rocha. E-mail: ojrocha@cariari.ucr.ac.cr seedlings and saplings ( Janzen 1986 ). Therefore, in order for plant succession to occur, it is important to prevent fires.
Few studies have examined early plant succession in abandoned pasture fields in tropical regions (Uhl et al . 1981; Uhl & Jordan 1984; Uhl 1988; Nepstad et al . 1990 ; Kapelle et al . 1995; Zahawi & Augspurger 1999) . Zahawi & Augspurger (1999) studied early succession in four abandoned unseeded fields of different age in Ecuador. They found that, in general, species richness increased over time; secondary forest with 25 -40 years since abandonment had the highest diversity, whereas an open site with 5-8 years since abandonment had the lowest diversity. Uhl & Jordan (1984) studied the dynamics of early succession in Amazonia after forest cutting and burning, and found 56 tree species taller than 2 m after 5 years. More than half of these were primary forest species. However, Kapelle et al . (1995) reported that, in a successional gradient in a montane forest in Costa Rica, early and late successional forests are more diverse than primary forest. Moreover, they concluded that secondary forest in the upper montane may be as diverse as tropical lowland forest. However, the level of genetic variation found in abandoned pastures as succession progresses has not been studied.
Metapopulation studies provide a new approach to study the ecology and the genetics of populations at the landscape level, which may be of special interest for conservation biology (McCullough 1996; Hanski 1999) . This is particularly true when populations function as a product of local dynamics and the regional processes of migration, extinction and colonization (Hanski & Gilpin 1991; Gillman 1997) . In most cases, plant metapopulations occur in habitats that represent temporal niches along successional series (Poschlod 1996; Gillman 1997) . They may also occur in spatial niches of the natural landscape with small and isolated areas, such as in tree fall or wind fall areas in forests (Gillman 1997; Valverde & Silverton 1997) and areas that experience fire occasionally (Menges et al . 1998) . Human activity also creates metapopulation scenarios, e.g. by intensive land use, changes in agricultural practices, and urban development that may result in fragmentation of the landscape and temporal degradation of suitable habitats (Rocha et al . 1997 (Rocha et al . , 2002 . Dispersal processes, which play a key role in the survival of metapopulations, have changed markedly since humans cultivated the landscape, and also during the development of the man-made landscape (Poschlod 1996) .
Metapopulation dynamics also affects the genetic structure and the level of population diversity and differentiation (Giles & Goudet 1997a) . Gene flow is an important factor in the genetic structure at the landscape level. Metapopulation structure may break down under high disturbance rates (Husband & Barret 1996; Valverde & Silvertown 1997; Ouborg et al . 1999) . Because plants are relatively immobile, present strong spatial structure and restricted dispersal, habitat fragmentation and patch isolation may lessen the probabilities of recolonization events (Giles & Goudet 1997a; Gillman 1997; Ouborg et al . 1999 ). Thus, isolation by distance may result in a disruption of the structure of the metapopulation events (Giles & Goudet 1997a; Gillman 1997) . However, some authors have shown that gene flow appears to be high for tropical plants even in severely disturbed landscapes Rocha & Aguilar 2001a; White et al . 2002) . But in most cases, ascertaining the implications on species or nature conservation is only partially possible because of the lack in knowledge about interactions between populations. Therefore, it is currently more useful to study some important aspects of the metapopulation concept, such as dispersibility and dispersal processes, to give this rather theoretical concept a more practical basis in order to use it for nature conservation purposes.
Swietenia macrophylla (big leaf mahogany) is one of the timber species considered to be threatened by the international timber trade. In general, mahoganies are among the most commercially important tropical timber tree speciesdominating international trade in the areas where they are native (Lamb 1966; Chalmers et al . 1994) . Big leaf mahogany has been logged from Mexico and Central America since the 17th century (Snook 1996) . In Costa Rica, it is considered a threatened species by most foresters, as it is currently found in only a few locations ( Jiménez 1996) . This is particularly true in the dry areas of western Costa Rica where mahogany has been harvested intensively.
In this study, we describe the levels of genetic variation and differentiation in four populations of S. macrophylla in abandoned pastures with different times since the occurrence of the last disturbance. In addition, we compare levels of variation found in these four sites with that found in a selectively logged mature forest. We discuss the role of long-distance dispersal of pollen and seeds for the conservation of genetic diversity.
Materials and methods

Study species
Swietenia macrophylla is a commercially important tree naturally distributed from southern Mexico southward to Colombia, Venezuela, and parts of the upper Amazon and its tributaries in Peru, Bolivia and Brazil. The usual habitat of this species are the dry, moist and wet lowland tropical and subtropical forests up to 1400 m in altitude (Whitmore 1983) . In Costa Rica it is found in the northwestern province of Guanacaste and Los Chiles in the northern part of the Province of Alajuela (Holdridge et al. 1997) .
Adult trees can reach up to 45 m in height and 2 m in diameter above the heavy buttresses (Chudnoff 1984; Holdridge et al. 1997; Pennington & Sarukhan 1998) .
Leaves are glabrous, paripinnate and with six to eight leaflets per leaf. In dry areas, trees of S. macrophylla loose their leaves during the dry season for longer than trees in wet areas. Flowers are minute, appear to be perfect, but in fact only develop anthers or stigma, and typically appear with new leaves formation at the end of the dry season. Fruits are erect strongly wooded capsules up to 20 cm long, and take a year to mature. Each fruit contains about 40 seeds. Upon maturation, some of the valves of the capsule are dropped and the winged seeds are exposed for wind dispersal (Whitmore 1983; Chudnoff 1984; Holdridge et al. 1997; Pennington & Sarukhan 1998) .
Regeneration of mahogany is favoured by local disturbance. It has been reported that Mayan slash-and-burn agriculture produced conditions favourable for its regeneration, as it improved seed germination and seedling survival (Whitmore 1983) . Big leaf mahogany has become the wood of choice to replace Honduran mahogany S. humilis and Caribbean mahogany S. mahogani , both now considered commercially extinct throughout much of their ranges. Its populations have also been reduced throughout its natural distribution, particularly in Central America (Whitmore 1983) .
Study site
This study was conducted at Santa Rosa National Park, located in northwestern Costa Rica (10 ° 45 ′ to 11 ° 00 ′ N and 85 ° 30 ′ to 85 ° 45 ′ W) (Fig. 1 ). This park is part of the Guanacaste Conservation Area (ACG). According to the ecological map of Costa Rica ( Tosi 1969) , two life zones are present in the area; however, this study was conducted in an area classified as moist transition dry forest (Holdridge 1967; Hartshorn 1983) . The park includes a mosaic of forests of different ages and abandoned pastures (Hartshorn 1983; Janzen 1986; Gerhardt 1993) .
The climate is highly seasonal, with a well-defined dry season from late November to mid May. Annual rainfall is between 800 and 2600 mm, with a mean of 1423.4 mm. Mean annual temperature is 25.7 ° C, and mean annual relative humidity is 81% (Rojas Jiménez 2001) .
The vegetation in this region is a complex series of habitats and vegetation types. It is further complicated by a long history of man-induced disturbance, including forest clearing for the establishment of pastures, selective logging, fragmentation of the landscape, cattle grazing and annual burning of pastures to prevent woody encroachment and colonization (Hartshorn 1983) . Since the establishment of Santa Rosa National Park, an intensive fire control programme has been in place, and this has resulted in a mosaic of different successional stages differing in the time since the occurrence of the last fire episode.
Sample collection
We collected leaves from 20 individual trees and saplings from 5 successional sites in the Santa Rosa National Park, Guanacaste, Costa Rica. Leaf material was collected from each individual and placed in a resealable zip-lock plastic bag with at least 20 g of self-indicating silica gel to dehydrate the tissue while preserving the integrity of the DNA. On return to the laboratory, the dry leaf material was stored in paper bags, and kept at room temperature in the dark until DNA extraction. The selection of the sites was based on the occurrence of fire during the last 20 years in the park, and on information provided by park personnel. We selected sites with the following times since last disturbance: 6, 9, 15 and 20 years. These four sites had experienced multiple fires over the last 50 years; therefore, the time since the last disturbance refers specifically to fire episodes. The sites have been named Pitilla I, Pitilla II, Las Mesas and Principe, respectively. In addition, we also selected a mature forest. This mature forest has experienced relatively low levels of human disturbance ( Janzen 1983; Burnham 1997) . All individuals collected were marked and mapped. In addition, we collected leaf samples of all reproductive adults found within 1 km of the successional sites.
DNA extraction
Total genomic DNA was extracted from leaves of S. macrophylla using a modification of the protocol described by Karp et al . (1997) and Lodhi et al . (1994) . Approximately 250 mg of leaf tissue was ground in liquid nitrogen with a pestle in a 1.5-mL Eppendorf tube. The ground tissue was mixed with 600 µ L of 0.1 m Tris-HCl pH 8.0, 1.0 m NaCl, 2% CTAB, 2% PVP and 1% β -mercatoethanol extraction buffer. The mix was incubated at 60 ° C for 40 min with agitation every 10 min. Samples were centrifuged for 10 min at 12 000 g at 10 ° C. The supernatant solution was placed in another tube, and 1 vol. of chloroform-octhanol (24:1) was added, mixed gently and centrifuged for 10 min. The supernatant was transferred to another tube where 1/10 vol. of 3 m NaAC pH 5.2 and 0.6 vol. of ice-cold isopropanol were added. The mix was kept at 5 ° C for 10-20 h. DNA was precipitated with 70% ethanol, air dried and later resuspended in 100 µ L of 1.0 m TE buffer.
Genetic analysis
We studied the levels of genetic variation using five microsatellite marker loci developed by White & Powell (1997) . The forward and reverse primers for each microsatellite locus are presented in Table 1 . The polymerase chain reactions (PCRs) were performed using a Rapidcycler (Idaho Technology) in a total volume of 20 µ L containing 3.3 µ L of 10 × PCR buffer (50 µ m Tris-HCl pH 8.3, 2,5 mg/mL of BSA and 10 µ m MgCl 2 ), 2 µ L (0.3 units) Taq DNA polymerase (Promega), 2.6 µ L 0.32 m m dNTP, 20 ng of template DNA, and 9.7 µ L DNA free water. We also added 1.6 µ L 0.4 µ m solution of forward and reverse primers. PCR conditions were: 94 ° C for 1 min, followed by 30 cycles of 5 s at 94 ° C, 10 s at 55 ° C and 35 s at 72 ° C. A final extension step of 4 min at 72 ° C was added after the last cycle. PCR products were visualized on 40 cm polyacrilamide gels using silver staining (Promega). The different alleles for each locus were identified according to their molecular mass, where the most anodal allele was arbitrarily identified as '1', with the remaining alleles identified sequentially (Fig. 2) .
Data analysis
Genetic diversity at each site was quantified by means of the number of alleles per locus ( A ), the effective number of alleles per locus ( A E ), observed heterozygosity ( H O ) and Nei's expected heterozygosity ( H E ) (Nei 1973) , for each locus and averaged over all loci. The significance of allele frequency differences between locations was assessed using the exact test (Weir 1996) . The effective number of alleles was estimated as the reciprocal of the homozygosity (Hartl & Clark 1989) . In addition, genetic differentiation was determined using the infinite allele model F ST (Weir & Cockerham 1984) . The degree of relatedness between locations, based on Nei's genetic distances, was represented in a tree using upgma . Bootstrap sampling of loci tested the robustness of clusters of the tree, using 10 3 simulations. These analyses were conducted using the program popgene 1.31 (Yeh et al . 1999) .
Results
Allele richness
We found relatively high levels of genetic diversity among the sampled individuals considering the degree of isolation of the reproductive trees, and the level of fragmentation of the forest. For the 5 microsatellite loci surveyed, there were 21 alleles identified in the 89-96 individual sampled ( Table 2 ). The level of variation was also high at each successional site, as there were between 14 and 20 alleles in each location (Table 2) . We also observed more than one allele in each locus examined, and most alleles were present in more than one site (Table 2) . Furthermore, all alleles were present at frequencies higher than 1%. White & Powell (1997) . Table 1 Oligonucleotide primer sequences, repeat motifs, number of alleles, and product sizes of the five 5 microsatellite loci used in this study* Fig. 2 Silver-stained polyacrilamide gel showing the six alleles found in locus mac49.
We found that the mean number of alleles per locus varied between 4.0 and 2.8 (Table 3) . However, the variation in the mean effective number of alleles is smaller, ranging between 2.22 and 2.70. Overall, there is a decrease in the number of alleles found at each site as time since the last disturbance progresses. In the early successional stages, Pitilla I (6 years) and Pitilla II (9 years) we found more alleles (20 and 18 alleles, respectively) than in the mature forest (14 alleles). We found fewer alleles in the older of the two intermediate successional sites; namely, Principe (20 years, with 15 alleles) and Las Mesas (15 years, with 17 alleles) ( Table 2) .
Allele frequency
There is significant heterogeneity in allele frequencies between sites for at least two loci. For loci mac49 and mac52 the homogeneity test of the allele frequencies across sites revealed significant variation (χ 2 = 66.84, P < 0.0001 and χ 2 = 52.56, P < 0.0001, respectively). For example, some alleles appeared in only one or two sites, but were found in relatively high frequencies (see allele 6 at locus mac49 or allele 2 at locus mac83 in Table 2 ). In addition, for two loci, mac49 and mac52, the most frequent allele also varies from one location to another. But for the other three loci, the most frequent allele is the same in all locations. Mean H O ranged from 0.45 to 0.58, and H E ranged from 0.47 to 0.54. One locus, mac49, failed to conform with Hardy-Weinberg equilibrium at three locations. These deviations might result from the relative small sample size in relation to the number of potential genotypes.
Genetic diversity
Mean F ST for all loci was only 0.0631, indicating a low level of genetic differentiation and high levels of gene flow between sites (Table 4 ). The range of variation of the values of F ST for each locus was also low, with significant levels of genetic exchange between sites. We also found that the mean F IS was very low, indicating that within-site structure (inbreeding or Wahlund effect) was not significant (Table 4) . However, some loci had high values of F IS , indicating deficiency or excess of heterozygotes. Once again, these values might result from the relatively small sample size in relation to the number of potential genotypes.
Genetic differentiation among the five sites was calculated using Nei's unbiased estimator of genetic distances (Nei 1978) . The genetic distance between sites varied between 0.0272 and 0.1397 (Pitilla II-Las Mesas and Pitilla I-Principe, respectively, Table 5 ). The population from Principe was the most genetically distant from all other populations in the study and resolved apart from the main cluster in the dendrogram. Geographical distance is not correlated with genetic distance. For example, the two early successional sites, Pitilla I and Pitilla II, are adjacent, but had a genetic distance of 0.0889. Similarly, El Principe and mature forest, also adjacent to each other, presented a genetic distance of 0.1656. In contrast, two other adjacent sites, Las Mesas and the mature forest presented a low value of genetic distance (0.0280). Moreover, the lowest genetic distance was found between Pitilla I and Las Mesas (0.0272). Genetic distances between the five sites in the Santa Rosa National Park are represented in the tree shown in Fig. 3 .
Relationship between adult trees and saplings
Our analysis also revealed that the reproductive trees found in the vicinity of the sampling sites do not determine the allelic diversity found in each site (Table 6a ). Our data show that often there are fewer alleles in the reproductive trees than those found in the sampling plots. For example, for locus mac49 we found six alleles at Pitilla I; however, the adult trees in the vicinity bear only three alleles. In addition, we also found that some alleles present in the adult tree population were not found in our sample of saplings and juveniles. This is the case for loci mac59 and mac44. There is also significant heterogeneity in the allele frequencies of seedling and saplings growing in each site compared with that of the reproductive adult tree in the vicinity (Table 6b ).
The distribution of the sampled individuals may play an important role in explaining these findings. Figure 4 shows the distribution of all marked individuals in each of the five locations surveyed according to size. It is clear that in the early stages of succession most trees are found in the smaller size categories, while in the later stages of succession more tall trees are found. In addition, most of the sampled individuals found in the mature forest died during the study period.
Discussion
Allele richness
Our results indicate that there are high levels of allelic diversity in the populations of Swietenia macrophylla at all sites considered in this study. Multiple reasons can be invoked to explain such levels of genetic diversity reported. First, the levels of allelic diversity, along with the high levels of heterozygosity and the low values of F IS found in this study, strongly suggest that this is a predominantly outcrossing species. Other studies have also reached similar conclusions, for example, Gillies et al. (1999) studying the genetic diversity in Mesoamerican populations of S. macrophylla using random amplified polymorphic DNA (RAPD) markers found that 80% of the variation was maintained within populations. Based on their findings, they proposed that S. macrophylla is a predominantly outcrossing species. However, there is no direct estimation of the actual rate of outcrossing in this species using progeny analyses.
Considering the distance between trees of S. macrophylla isolated in pastures, for this species to be a predominant outcrosser would require extensive movement of pollen. White & Boshier (2000) demonstrated that extensive pollen movement is likely in a highly fragmented landscape. They showed that at extreme isolation, S. humilis trees in pastures could receive pollen from trees located up to 4.5 km away. They also concluded that fragmentation does not result in reproductive isolation, but rather in increased levels of long-distance pollen flow. Moreover, White et al. (2000) proposed that the increase in pollen flow found in S. humilis counteracts the negative effects proposed for habitat destruction and fragmentation. Similar findings were reported by Rocha & Aguilar (2001b) for the dry forest tree Enterolobium cyclocarpum, where trees in pastures showed outcrossing rates similar to that of trees in continuous forests. In addition, seeds produced on trees in pastures are sired by more pollen donors than those from trees in continuous forest (also see Apsit et al. 2001) . However, the changes in pollinator behaviour required to explain the increase in pollen flow are not known (but see Dicks 2001) .
The majority of tropical rainforest species investigated to date appeared to be outcrossers with extensive gene flow (Ashton 1969; Bawa et al. 1985; Hall et al. 1994a Hall et al. ,b, 1996 Doligez & Joly 1997a mating system of these species further support the predominance of outcrossing among tropical rain forest trees (O'Malley & Bawa 1987; Doligez & Joly 1997a; Nason & Hamrick 1997 ). Doligez & Joly (1997a) recently reviewed the outcrossing rates reported for 28 species of tropical forest trees in natural populations. However, very little is known about how mating systems are modified in highly fragmented or degraded areas. The decrease in genetic diversity as the age of the stand increases needs to be studied in more detail (Table 2) . Even though this finding might be confounded with a site effect, it may also indicate the recruitment of new reproductive individuals as time progresses, and/or the effects of natural selection causing differential mortality among saplings as the structure of the community changes. In general, there are significant differences in species composition, and the vertical structure of the plant communities sampled in this study (Pacheco 1998) . These changes in the structure of the plant community could result in selective pressures against certain genotypes, reducing genetic diversity in the older sites where the canopy is more dense. Once again, these results indicate the role that life history traits, such as the duration of the juvenile phase, play in determining the levels of population variation and differentiation (Whitlock & McCauley 1990; Mariette et al. 1997; Auterlitz et al. 2000) . 
Genetic diversity
Despite the significant levels of heterogeneity in allelic frequencies, the levels of genetic differentiation between populations was low (F ST = 0.0631). It has been argued that fragmentation and severe bottlenecks do not greatly affect diversity, as both typically result in the loss of rare alleles (Giles & Goudet 1997a,b; Lawrence & Marshall 1997) . Because genetic diversity is measured using allele frequencies, common alleles have a higher contribution to diversity than uncommon and rare alleles. Therefore, the loss of uncommon and rare alleles hardly affects diversity (Giles & Goudet 1997a; Lawrence & Marshall 1997) . We found that alleles found in lower frequencies (< 0.01) were less likely to be found in all sites. Moreover, the similarity in the effective allele number, estimated as the reciprocal of homozygosity, was similar at all sites indicating that, on average, two alleles were over-represented at each site.
The similarity in genetic diversity between the populations sampled indicates that there is no clear relationship genetic between distance and geographical distance (Fig. 3) . Genetic similarity results from two main factors: (i) variation in the presence or absence of alleles between sites, and (ii) variation in allele frequencies between sites (Table 2) . Two adjacent populations; namely, Pitilla I (6 years) and Pitilla II (9 years) are not the most similar populations. On the contrary, Pitilla II is more similar to Las Mesas (15 years), located almost 4 km away. However, these two sites are more similar to each other with respect to species composition, vertical structure and light environment than they are to Pitilla I (Pacheco 1998) . These findings suggest that changes in environmental factors might play a key role in the likelihood of germination, establishment and survival of seedlings of S. macrophylla in each site. Whitmore (1983) reported that open areas provide conditions more favourable for the growth and survival of seedlings and saplings of this species. This suggests that each site is capturing a different sample of the genetic diversity, as the number of reproductive trees varies over time, and optimal conditions for the establishment of new individuals also change as succession progresses. For this reason, it should be expected that sites with similar community structure should also be more similar in their genetic composition.
Relationship between adult trees and saplings
Our results clearly indicate that movement of pollen is not limited to adjacent trees, as alleles absent among mature trees in the vicinity of each site are found in seedlings and saplings. Moreover, we also found significant heterogeneity in allele frequencies between adult trees and juveniles, indicating that even the most abundant alleles show significant differences in their frequencies (Table 6 ). These results support the notion of extensive gene flow in fragmented habitats proposed by other authors (White et al. 1999; White & Boshier 2000) . These findings strongly suggest that metapopulation models could best be used to describe the genetic structure of plants in highly fragmented landscapes. It could be argued that in fragmented landscapes, the trees in fragments and the remnant trees in pastures are not isolated from each other, on the contrary, there is extensive gene flow between all these subdivisions. In addition, these data also illustrate how the few scattered trees left in the pastures and the forest remnant serve as traps for genetic variation, as pollen from distant trees sire their seeds and contribute to enrich the local diversity of alleles. Moreover, Rocha & Aguilar (2001b) also showed that Enterolobium cyclocarpum trees left in pastures, and isolated by at least 500 m from other conspecific trees, have a high outcrossing rate, and mate with more trees than those in the continuous forest. They also claim that trees in pastures are important for promoting gene flow between forest fragments, as they facilitate movement of pollinators between fragments (also see Dicks 2001) .
The occurrence of local extinction and recolonization further supports the existence of a metapopulation structure among these populations (Sork et al. 1999) . Accelerated recolonization of newly abandoned pastures by S. macrophylla can only result from long-distance dispersal of seeds. Moreover, high levels of genetic diversity, as reported here, also require extensive movement of pollen between trees. Under these circumstances it is reasonable to conclude that human-induced changes at the landscape level have not changed dispersal processes in a negative way, thus suggesting a strong resilience in the mechanisms of pollen and seed movement during the development of the man-made landscape. Wade & McCauley (1988) proposed that the genetic effects of extinction and recolonization depend on the number of individuals that recolonize the site and twice the number of migrants, and demonstrated that genetic differentiation might increase or decrease depending on these values. Furthermore, in this case, the level of genetic differentiation is typical of that of other tropical trees in natural forests, indicating that the contraction and expansion of this population did not diminish gene flow. In general, these findings point out that genetic diversity, in a nonequilibrium metapopulation such as that studied here, is not only the result of gene flow, but also depends on the patterns of colonization and the life cycle of the species (Whitlock & McCauley 1990; Mariette et al. 1997; Austerlitz et al. 2000) .
It is important to note that, in addition to the negative impact of habitat fragmentation and degradation, S. macrophyla has been logged in Central America since the 17th century (Snook 1996) . The area that is now part of the Santa Rosa National Park was logged long before the park was established (Hartshorn 1983) . The impact of current logging practices on the genetic diversity of tropical trees has been examined by other authors (Hall et al. 1994b; Doligez & Joly 1997b) . Hall et al. (1994b) argued that selective logging of Carapa guianensis in Costa Rica did not reduce genetic variation. They proposed that the high population density and synchronous flowering promote outcrossing and maintain high levels of genetic variation within populations. In contrast, Doligez & Joly (1997b) reported that the outcrossing estimates for Carapa procera in logged plots in French Guiana are lower than in undisturbed plots, and argued that the decrease in density is probably not the only cause of the decrease in outcrossing rates on logged plots. Similar reasoning was proposed by Gillies et al. (1999) , who showed that increasing logging significantly decreased genetic diversity in populations of S. macrophyla. They also argued that the low levels of population differentiation found in S. macrophylla have probably resulted from extensive gene flow. They also pointed out that greater population differentiation should occur in highly disturbed habitats, where changes in the insect pollinator's behaviour might leads to limited gene flow, or where seed dispersal distances may be reduced. However, the results reported here fail to support that notion, suggesting that the changes in pollinator's behaviour favoured long-distance gene flow as proposed by White et al. (2002) . We found that despite the intensity of logging experienced in the past, genetic diversity was not reduced, as indicated by allele richness and observed heterogeneity.
The results presented here illustrate a great potential for the regeneration of important timber species after severe episodes of over-exploitation, and habitat fragmentation and degradation due to grazing and fire. It has been proposed that the reduction of continuous habitat into several smaller spatially isolated patches represents a significant threat to the long-term survival of many plant species (Saunders et al. 1991; Nason et al. 1997) . It has been argued that reproductive isolation is one of the important consequences that fragmentation of the landscape may have on the biota that remain in the smaller patches (Saunders et al. 1990) . Moreover, reproductive isolation is often associated with reduction in the size of plant populations which, in turn, may result in drastic loss of genetic variability due to drift, reduced gene flow, elevated inbreeding and inbreeding depression (Templeton et al. 1990; Young & Merriam 1994) . However, here we argue that there are high levels of gene flow between the population of S. macrophylla considered in this study. Moreover, our findings agreed with those of Gillies et al. (1999) , White & Boshier (2000) , and Rocha & Aguilar (2001a,b) demonstrating high levels of gene flow, and changes in pollinator behaviour that allow the long-distance movement of pollen. However, Rocha & Aguilar (2001a,b) also demonstrated that despite the similarity in outcrossing rates between trees in pastures and trees in continuous forest, the progeny of trees from the latter are more vigorous than that of the former.
